The phenomenon of polarization jitters caused by fiber nonlinearity is investigated. A general formula about the polarization jitter is concluded in polarization multiplexing (PM) system based on two orthogonal linear polarization states when the best polarization correction is used. A 100 Gb/s PM system based on NRZ code is investigated by simulation, and the Stocks parameter about polarization jitter and Poincare sphere diagrams are got for different power and phase difference of two orthogonal polarized light. The results show that the polarization jitters will be suppressed when the combined PM signal is the linear or circular polarization state.
Introduction
In recent years, high-speed optical communication technology has been developed very rapidly. The data rate of single wavelength exceeds 100Gb/s [1] , and is headed for 400Gb/s. The polarization multiplexing (PM) may double the bit-rate in a single fiber, so it has widely been used in high-speed systems. However, the PM also brought new problems, such as the stability of polarization state, how to keep a good orthogonality in the fiber, how to prevent crosstalk of the two orthogonal signals, etc. In addition, if the two polarization components lose its orthogonality in the transmission process, the demodulation could not be achieved correctly in receivers, the decrease of orthogonality may lead to mutual crosstalk of two polarization components, and the instability of polarization direction could also lead to demodulation error.
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The polarization-related effects in the fiber can be divided into linear and nonlinear effect. For linear polarization effect, it is so called the polarization mode dispersion (PMD). After years of research, the method to overcome the influence of linear PMD has been found. At the same time, with the progress of the optical fiber manufacturing technique, linear PMD value is already below , so linear PMD is no longer the key factor.
Another polarization-related effect in the fiber is nonlinear polarization effect. In recent years, the various kinds of multiplexing technologies, such as QPSK, QAM, WDM, mode division multiplexing, etc., make light power in the fiber increase dramatically, and cause various types of nonlinear effects, including self-phase modulation (SPM), cross phase modulation (XPM), four-wave mixing (FMW), stimulated Brillion scattering (SBS), stimulated Raman scattering (SRS). One of the polarizationrelated nonlinear phenomena, nonlinear polarization cross modulation effect, is the biggest influence of PM. Therefore, to investigate the nonlinear cross polarization modulation and its effect on the transmission is very important.
From the nonlinear mode coupling equation (the nonlinear Schrödinger equation) [ 
where
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Therefore, research of the nonlinear polarization effect is essentially to investigate the impact of matrix G.
The polarization-related nonlinear problem in the fiber has been attracted much more attention. As early as 1986, literature [6] found the unstable phenomenon caused by the nonlinear polarization effect in optical fiber, literature [7] supplemented to it. In 1997, D. Marcuse, CR Menyuk, and P. K. A. Wai investigated nonlinear PMD (N-PMD) with random birefringence, and converted the coupled nonlinear Schrödinger equation (CNSE equation) to Manakov-PMD equation [8] . P. K. A. Wai, et al. discussed the N-PMD distributions in different cases [9] . C. R. Menyuk studied the interaction of the Kerr effect and linear PMD [10] . M. Midrio proved that the concept of the principle state of polarization was still correct in N-PMD [11] . B, Crosignani, B. Daino, and P. D. Porto, et al. studied the decreasing in the degree of polarization caused by N-PMD in the low-birefringence fiber [12] .
In the PM system, the coupling of the two orthogonal signals resulted from the negative diagonal elements of the matrix G will leads to the crosstalk between two polarization signals, which causes the instability of the two polarization states. This phenomenon is called the random jitter of the polarization state. It was received attention from some writers [13] . However, in the previous literatures, the writers only considered the crosstalk for one channel not for PM. Because the randomicity of two channels is different from one channel, the amplitude, phase even the modulation format are different between the two channels, the jitters will be more serious. Based on the work in [12] , this paper will investigate the stability of the orthogonal polarization state and the random jitters of the polarization state for PM system.
In Section 2 of this paper, a general formula to describe the nonlinear polarization rotation in the PM system based on two orthogonal linearly polarized lights is deduced. In section 3, the jitter of polarization states is corrected by using polarization controllers is investigated. In section 4, simulation experiments about the polarization jitter of the corrected PM system using polarization controllers were performed. The last is the conclusions.
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Nonlinear Polarization Rotation of the PM Signal in Optical Fiber
Generally, a PM system described by a simplified model is shown in Figure 1 .
In the figure, a continuous light from LD is divided into two linear polarization light (x and y ) by the polarization beam splitter (PBS1). And then they are modulated by channel A and B, the modulation format may be NRZ, DPSK, QPSK, QAM code, and so on. The two linear polarization light carrying user information will be combined into the multiplexing optical signal (generally speaking, it is elliptically polarized light) in the polarization beam combiner (PBC). When the multiplexing signal is transmitted in optical fiber, its polarization state evolves continuously, and in the output end of fiber it is generally different from the initial polarization state at point a. In order to restore the polarization state of point a, we should use the polarization controller PC to correct it, and then use polarization beam splitter PBS2 to divide it into x and y polarized light. Finally, in the optical receiver Rx, the modulation code will be received and demodulated. In this figure, the dispersion compensator is not drawing, because the intrinsic dispersion is good compensated.
B. Crosignani, B. Daino, and P. D. Porto, et al in literature [12] presented that in ordinary single-mode fiber with low birefringence, when only considering the nonlinear polarization effect and ignoring the influence of the intrinsic dispersion (because it has been successfully compensated), circularly polarized light could be maintained and nonlinear phase shift could be produced.
represent the complex amplitudes of two orthogonal circularly polarized light in time domain, respectively, we can get
and
But in practical PM system, two multiplexing polarized lights are linear, so we first change the equations into the evolution of linear polarized light.
Assume the complex vectors of two orthogonal lights at 0 z  (point a) are as following,
, and ( , 0) ( ,0) 0 
they are all real and a function of time, carrying user information. Then, after multiplexer PBC, the output light is given by
, the relationship between the complex amplitudes of circularly polarized light and linearly polarized light in the time domain is
After performing very complicated mathematical operation, and considering the fiber loss (the coefficient is  ), we can get the complex vector of the optical signal transmitted in the fiber at point b 
Polarization Jitters after Polarization State Correction
As stated above, in order to perform polarization demultiplexing correctly, we must correct the polarization state using a polarization controller (see Figure 1) . Compared with the speed of change of the modulation signal, the adjusting speed of the polarization controller is very low, so only the low order correction can be realized. We only consider the mean value correction, it means that the polarization controller only corrects the mean value of the nonlinear polarization rotation angle. Assume the corrective angle produced by the polarization controller is  , which should be the mean value of the nonlinear rotation angle ( )   , i.e.
where T is the action time. So, the compensation matrix of PC is given by PC cos sin sin cos
It is not difficult to find out the polarization state of corrected light at point c is
To substitute formula (10) into (11), we can get 
Generally, ( ) ( ) 0 
Simulation Experiment of the Polarization Jitters for NRZ Code
Although NRZ code has rarely been used in high speed optical communication system, as a kind of basic modulation format, its research is still meaningful. The bit-rate of PM system is 100 Gb/s. For these high speed systems, we generally use a narrow linewidth laser smaller than 100 kHz with excellent coherence performance, and the coherence time is larger than 10 s  . So for a 100 Gb/s signal with 10ps pulse width, the phase difference 0   between two multiplexing signals can be thought of a constant in 1000 bits. The simulation is divided into two cases, one is the power of the two multiplexing signals are equal, all are 10 mw, so that the circular polarization state may appear; the other one is to assume the power of interferencing signal is two times of the interferenced signal, namely channel A is 10 mw, channel B is 20mw, so the circular polarization state does not exist. When simulating, the initial signal-to-noise ratio (SNR) of NRZ code is assumed to be 30 dB, which is a good signal. The optical fiber length is 50 km, and the loss is 0.2 dB/km, the effective nonlinear length is 19.54 km. Figure 2 shows 100 bit waveform (left) and eye diagram (right) of input signal (channel A).
Polarization Multiplexing with Equal Power
In the first case, the power of the two multiplexing sig-nals is equal. Figures 3-6 shows the evolution of the polarization states of output combined multiplexed signal at point c in different initial phase difference 
Polarization Multiplexing with Unequal Power
In this case, the power of channel A is 10 mW, and the power of channel B is 20mW. , respectively, the combined multiplexed signal is elliptically polarized. The figures show that when the combined multiplexed signals are linearly, there is no obvious polarization jitter, the evolution of polarization states is only along with the Equator; when the combined multiplexed signals are elliptically polarized, there is obvious polarization jitter, the polarization states will be scattering and the degree of polarization (DOP) will decrease. The strong polarization jitter occurs when 0 / 2     (see Figure 10) . It makes it difficult for demultiplexing by these jitters.
Discussion and Suggestions
Compared Figures 3-6 with Figures 7-11 , we can draw two important conclusions:
(1) PM with unequal optical power can cause much stronger jitter than that with equal power.
(2) When the combined multiplexed light is linear or circular polarization state, there is no jitters basically, i.e. when the phase difference between two modulation arms is 0 or , or 0 / 2     in the case of equal power, polarization noise can be suppressed very well.
According to the above solution, the power of two channels should be equal and the initial phase difference should be 0 or  to reduce the polarization jitter. 
Conclusions
The polarization jitter resulted from fiber nonlinear polarization modulation is thoroughly investigated. The polarization jitter in the case of the best polarization correction is discussed, a general formula about jitters is concluded. The results show that the jitters are depending on the power of two multiplexing light, initial phase difference, nonlinear coefficient, effective nonlinear length, and etc. A 100 Gb/s PM system based on NRZ code is investigated by simulation, the evolutions of the polarization states and Stocks parameters of output combined multiplexed signal are got in different initial phase difference 0   , respectively. In order to reduce the polarization jitter, the power of two channels should be equal and the initial phase difference should be 0 or . The above conclusions have important guiding significance for large capacity, high speed optical communication system.
